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ABSTRACT

This report comprises the second year of a two year program on Rapid
Solidification, extrusion processing and mechanical property measurement of
Magnesium alloys.

During the first year, the Rapid Solidification of various Mg alloys and
the resultant structures were investigated in two stages. The first involved
the study of the Mg-Zn system processed by chill casting and melt spinning.
It was observed that the amount of second phase decreased with decreasing
distance from the chill surface to eventually become completely suppressed in
a featureless zone. The second stage dealt with the splat quenching and melt
spinning of Mg-5%Zn, Mg-8%Al, EZ33, AZ91, and QE22. In all the alloys, the
presence of a featureless zone was observed that was shown in the Mg-Zn
system to consist of a homogeneous solid solution having the initial alloy
composition. For the Mg-5%Zn, EZ33, and ZE41 alloys, melt spun ribbons were
almost completely featureless throughout a 70 pm average ribbon thickness.
Microhardness measurements were taken for alloys EZ33 and ZE41, and the
rapidly solidified featureless regions were found to have a greater hardness
than both the as-received (primary phase) alloys and the rapidly solidified
dendritic structures.

-During the second year, samples were cast using a controlled atmosphere

(He gas), and vertical wheel melt-spinning apparatus contructed at MIT.
Casting conditions were thus perfected, to obtain larger quantities of rib-
bons of consistent quality. Extrusion procedures were investigated on
rapidly solidified mgnesium lloys. A gradual lowering of the extrusion
temperature from 470P to 210 C yielded improved mechanical properties on
alloys ZK60, EZ33, and Mg-5.3%Zn. Optimal conditions were: a reductioZ in
area ratio of about 1/30, and an extrusion temperature of about 200-250C. .
Results on alloy ZK60, extruded under these conditions, displayed interesting
mechanical properties, and made it comparable in specific properties to R.S.P.
aluminum alloys.

Tensile properties in the as extruded condition were: Y.S. 53.0 ksi, and
U.T.S. 56.3 ksi. The ductility in particular was significantly higher than
that of wrought ZK60 alloy: 19.6% (typical mechanical properties of the
conventional extruded material are: Y.S. 41 ksi, U.T.S. 51 ksi, elongation,

%) . 0
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FOREWORD

This final technical report covers the activity performed under the
U.S. Army Contract DlAG-46-82-K-0051 for "Rapid Solidification Processing
of Magnesium Alloys" during the period of August 1, 1982 - July 31, 1983

with Professor Merton C. Flemings, Department of Materials Science & Engi-

neering, Massachusetts Institute of Technology as principal investigator.

The contract was administered under the direction of the Army Materials &
Mechanics Reseazrch Center, Watertown, MA 02172, with Dr. Judith J. Kohatsu

as Program Technical Monitor.
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Abstract

-"4

This report comprises the second year of a two year program

on Rapid Solidification, extrusion processing and mechanical

property measurement of Magnesium alloys.

During the first year, the Rapid Solidification of various Mg

alloys and the resultant structures were investigated in two

stages. The first involved the study of the Mg-Zn system

processed by chill casting and melt spinning. It was observed

that the amount of second phase decreased with decreasing

distance from the chill surface to eventually become completely

suppressed in a featureless zone. The second stage dealt with

the splat quenching and melt spinning of Mg-5%Zn, Mg-8%Al, EZ33,

AZ91, and QE22. In all the alloys, the presence of a featureless

zone was observed that was shown in the Mg-Zn system to consist

of a homogeneous solid solution having the initial alloy

composition. For the Mg-5%Zn, EZ33, and ZE41 alloys, melt spun

ribbons were almost completely featureless throughout a 70 um

average ribbon thickness. Microhardness measurements were taken
for alloys EZ33 and ZE41, and the rapidly solidified featureless

regions were found to have a greater hardness than both the

as-received (primary phase) alloys and the rapidly solidified

dendritic structures.

During the second year, samples were cast using a controlled

atmosphere (He gas), and vertical wheel melt-spinning apparatus

constructed at MIT. Casting conditions were thus perfected, to

obtain larger quantities of ribbons of consistent quality.

Extrusion procedures were investigated on rapidly solidified

magnesium alloys. A gradual lowering of the extrusion

temperature from 470°C to 210*C yielded improved mechanical

properties on alloys ZK60, EZ33, and Mg-5.3%Zn. Optimal
conditions were: a reduction in area ratio of about 1/30, and an _ 1
extrusion temperature of about 200-2500C. Results on alloy ZK60,

3



extruded under these conditions, displayed interesting mechanical

properties, and made it comparable in specific properties to

R.S.P. aluminum alloys.

Tensile properties in the as extruded condition were: Y.S. . -

53.0 ksi, and U.T.S. 56.3 ksi. The ductility in particular was

significantly higher than that of wrought ZK60 alloy: 19.6%

(typical mechanical properties of the conventional extruded

material are: Y.S. 41 ksi, U.T.S. 51 ksi, elongation, 11%).
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I. INTRODUCTION

Rapid Solidification Processing (R.S.P.), the subject of

numerous research projects in Materials Science and Engineering

for the past 20 years, has led to the obtention of considerable

mechanical property improvements in a number of alloys.

Possible, or existing applications of R.S.P. metals are many,
2 3ranging from turbine blades2 to magnetic recording heads

Alloys of aluminum have received considerable attention, and

reearch on those has yielded numerous payoffs in terms of

improved mechanical properties, as was exposed in our previous
1

report

Magnesium alloys, on the other hand, have so far barely been

explored in that light. It is the ambition of this project to

help fill in that gap, and explore the processing and the

engineering porperties of R.S.P. magnesium alloys.

Published articles dealing with the subject are relatively

few. In one article, the nature and the mixing enthalpies of

intermediate and Al-rich phases of the Al-Mg system were
4investigated using a rapid solidification technique . Metastable

solid solutions or intermatellic compounds were found to exist.
5In another article the increase in solubility in magnesium of - -

1. Rapid Solidification Processing, Final Technical Report,
1981-1982, Contract Number DAAG 46-81-K-0051.

2. Rapid Solidification Processing: Principles and Technologies
II, Ed., R. Mehrabian, B.H. Kear, and M. Cohen, Claitor's
Publishing Division, Baton Rouge, 1980, page 1.

3. T. Masumoto, Proc. 4th Int. Conf. on Rapidly Quenched Metals,
Sendai 1981, page 5.

4. B. Predel and K. Hulse, Z. fur Metallkunde, 69, page 690,
1978.

5. N.J. Varich and B.N. Litvin, The Physics of Metals and
Metallography, 16, No. 4, 1968, page 29.

5
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Mn or Zr after splat cooling was explored using lattice parameter

measurements obtained by X-ray diffraction. The thermal

stability of the supersaturated Mg-Mn phases was also explored.

In particular, an increase in the solubility of Zr in Mg to a

value of 1.2 wt % is claimed by splat quenching "small portions

of the melt (at above 800 CO onto a copper chill)". However,
6

this seems to contradict data given by Emley on an already

confused issue.

The Mg-Zn system has been found to form metallic glasses by

melt-spinning alloys in the range from Mg8 0 Zn20 to Mg6 0 Zn40 7

Crystallization and recrystallization kinetics of amorphous

alloys in that range were studied. Electron transport properties

have also been investigated on these metallic glasses
8

Work on densified products emanates mainly from the closely

related powder metallurgy field. Although in one instance, the

standard compaction-sintering path was used 9 , most often

extrusion was preferred as a means of densification. The

advantage is to be found in the far greater amounts of shear

deformation involved in the latter process, an aspect of

importance in breaking off the oxide layer surrounding the

magnesium particles, to promote metal-metal bonding. Magnesium

powder extrusions, alloy extrusions, or powder mixture extrusions

6. E.F. Emley, Principles of Magnesium Technology, Pergamon
Press, 1966, page 254.

7. Z. Altounian, et al., J. of Materials Science 17,1982, page
3268.

8. T. Matsuda and U. Mizutani, J. Phys F: Met. Phys., 12, 1982,
page 1877.

9. S. Storchheim, Int. J. of Powder Metallurgy, 8, (3), 1982,
page 115.

6
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10 11 12have been reported by Emley , Foerster , Fischer , and Isserow
13

and Rizzitano 1
. Pure Mg metal powders have been extruded, to

*. investigate to what extent the oxide could produce properties

similar to those in S.A.P. aluminum. Some results are given in

Table I. A variety of processes such as interference hardening,
14

first described by Busk and Leontis were invented and explored.

Work on pre-alloyed quenched powders is relatively rare, however.

Busk and Leontis hot extruded atomized ZK60 powders, as well as

alloys AZ31, Ml and AMZIII, the three first alloys being

commercial. ZK60 gave the best results, as shown in Table II and
10

was even produced on a commercial basis as (P) ZK6OB. Isserow

and Rizzitano 13 also extruded ZK60, starting with powders

obtained by the rotating electrode process. Here the powders were

* sealed in an aluminum container, and evacuated prior to

* extrusion. Extrusion temperatures varied from ambient to 370°C

(700°F). Results are given in Table II and display excellent

mechanical properties. But fracture surfaces show that the

products delaminated and care must be exerted in judging the

*observed longitudinal properties, as they may be highly inferior

in directions orthogonally to the extrusion direction. Extrusion

reduction in area ratios were 1/10. Also, Storchheim extruded

atomized Mg-l% Zn-Si powders, with the results shown in Figure 1.

Magnesium alloys are generally not quite as strong as those

of aluminum, on an equal volume basis, but are on the other hand,

much lighter. If we compare the specific properties of the two

metal alloys, that is the ratio strength/density; to achieve the

* same specific strength as a typical R.S.P. alluminum alloy with a

yield strength of 90 ksi (a reasonable value, as can be seen in

10. E.F. Emley, Supra note 2, page 531.
11. G.S. Foerster, Metals Eng. Quarterly, 12, (1), page 22.

* 12. P.A. Fisher, Int. Metals Reviews, 1978,-No. 6, page 269.
13. S. Isserow and F.J. Rizzitano, Int. J. of Powder Metallurgy,

10, (3), July 1974, page 217.
14. R.S. Busk and T.E. Leontis, Trans. AIME, Vol. 188, Feb.

1950, J. of Metals, page 297.

7



TYPICAL Scawa ANALYSIS AND PACKING DENsrTIES Of PowDa USW

Packing Approx. B.S. screen analysis()
Grade density I aRemarks

1cm' 44-100 72-100 100-240 24sin

Grade 2A 0-4 71 j .2-8 0-3
3 0-7 - 0-2 98 2 Ball milled to

4 0-4 - 3 an9~ dest
4 F - - - 100 Fines obtained by

COMPARATIVE PROPERTH3 01F Co VIENTIONAL AND PowsEa Exmwatopis
IN PURE NUGNUJum Q in. ato maom 3 in. CoNTAj~xR)

Extrusion conditions 1 Tensile properties of extruasion
Material _________ ____-____ ______

e~trudcd Temp. Speed 0-1 P.S. IU.T.S. El.

C.1,1 billet 420 15 4-6 12-4 9 (on I in.)

4 420 30 15-2 227 3
l.dc, 4 F 450 75 17.9 20-6 4 (on 4r area)

*4F Be 455 120 21-0 22-6 5

From Ref 6

roCmpmono FablICScattoa Dats Shape Teinpetrature. F Speed. fpgn Pet Temace Complemo. Slit

<1 ji; C powdet II.diam. 110 WOOD350 36.000 4
ZKIO *2MB0 Scewextrudsed by~ .1n 820 4 7 35.000 22.000 4I'l- I Zv-I1 6 S4 Atomrized. 35/65 mesh -1 by~ Ian. 600 S 3 43.000) 36.000 5SM IA zn-I 6 so Atomnated. 33/65 rnesh .2 by . on. 60D I0 4.0 2.0

* 549-1 Z%- 1 ESo Atd. -00 neshJ -L by I n 600 044500 2.04* XE Stefrerearen.f b~- . 0 100 4 4-4.000 45.000 4
AK I I Inaciference hardened? "I by I n 900 70 10 48.000 WeOWo 5

strn * u wils erauded (Por n conicane. olhrm fmo 3 iii eoatagm.
Aamt-ed flNvelumititaconurn pellet, wefe c~i'led with shamm..'l flake pder. tomnpoted &t 65ViF ad hieat treated 16 ha at ?noF

0 From Ref *11

TABLE I .Properties of~ Magnesium Powder Extrusions



Comparison of As Extruded Properties of Alloys
Extruded from rouder and from Permanent ,lold Billets

Cone4,uons powder' muBllet,

low6 Pei ow psiTemp. Speed __

S"ape F pm PdZ TTS CTS TS Pet E TV& CTS TS
- ' " AZ3l 

.
P0 60 6 is 30 40 47 16 34 30 44700 6 15 36 36 45 is 34 2s 45

a00 a 15 35 30 45 14 34 22 44s65tp 5 $ 12 29 2 43 1 23 1 3S"5 is 12 25 16 3 1 25 IS
50 30 11 isP 15 27 15 25 1s 38

Rod a00 5 14 44 38 48 25 27 83 33To I I 43 35 47 23 30 24 40600 5 13 43 28 47 14 33 10 43
strip 65 6 a 34 35 43 23 16 16 23650 is 9 s0 26 40 1 18 14 35650 20 a 2 it 40 1 1 14 25
AEZIII
Rod Go0 s 12 40 41 48 19 37 31 45700 5 is 40 37 46 13 33 20 42300 S 12 38 34 4 1 32 16 40strtp 650 S 5 37 38 45 10 29 19 40am 20 6 33 31 42 a 29 13 38650 40 8 '32 24 38 9 28 13 38
ElM
Rod 600 a 16 44 48 53 17 41 41 54700 a 17 41 43 51 14 40 34 5160 S 15 37 38 48 is 39 27 48St"rp 650 5 10 43 43 52 10 40 40 532650 20 6 37 37 47 13 38 30 42S50 40 7 35 3D 45 Hot Stion

TABLE II - Properties of extruded Mg Alloys . Ref 14 .

Mechanical Properties of Magnesium ZK60A Rods from Microquguched Powder

Aging
Ext. temp 0.2 Charpy
temp F Y.S. U.T.S. El. RA V-notchIdentification *F (24 hr) ksi ksi % 9 ft.-lb.

Commercial 700 300 40.5 49 1 21.0 44.6 5.7
Microquenched

K-1- 250 none 48.0 25
250 51.4 23 30

K-2* RT none 56.5 6
250 61.4 17 20.29

D- RT none 54.0 58.5 4.0 5.0
250 53.1 57.9 19.0 41.0
300 57.2 61.2 4.0 2.6

E" IS0 none 54.5 58.5 47.0 28.1
250 57.5 6;.b 14.0 32.2 15.5
300 53.5 59.5 14.0 35.4 15.8

"Air-cooled after extrusion.
Water-quenched after extrusion.

Table III - Properties of Microquenched ZK 60 Ref 13

................... .............. . .. .•
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our previous report), an R.S.P. magnesium alloy must attain a

yield strength of about (90 x 108/166) = 58.5 ksi. Such

mechanical properties seem perfectly feasible in magnesium alloys

by R.S.P., and are indeed approached on one sample in this

- project. Such alloys could be of definite interest in aerospace

applications, where specific properties are important.

Magnesium has a hexagonal crystal structure, as do most of

its solid solutions. An exception is obtained when more than 10%

Lithium is alloyed to magnesium, where the structure becomes
15cubic At room temperature, only one slip system, operating

on the basal (0001) planes is active, together with twinning, to

allow plastic deformation of the metal. Formability is therefore

poor at room temperature. For each alloy, however, there is a

temperature slightly above 200°C, at which pyramidal slip planes
16

become active, with drastic increases in formability . That

temperature is 225*C in pure magnesium, and the change is

illustrated in Figure 2.

Heat treating temperatures lie usually in the range 150-250°C

for aging, see Table IV. Moreover, melt-spun ribbons of EZ33 and

ZE41 showed no decrease in hardness properties when treated to
1"

the T5 condition at 1800C, for 12 and 16 hours respectively

In this work, magnesium alloys have been rapidly solidified

by melt spinning small quantities onto a rotating copper wheel.

The ribbons were subsequently consolidated by first compacting

them, and then extruding the green compact. For this last step,

there is a compromise to be obtained, between the need for a high

temperature, above 220-225°C for improved formability, and a low

temperature necessary to retain the quenched-in structures, or

interesting modifications thereof, below about 250 C, as was

15. E.F. Emley, Supra note 2, page 299.
16. E.F. Emley, Supra note 2, page 483.

1i
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Table IV - From Ref .6
TYpIcAL HLAT TRIATM&.,r SCHIEDULE Fort CA ,sG ALLOYS

Typical Tensile Propemes t US Treatment
Conditions (where difference

Type of As cast Heat treated appreciable) RemarksTpof Alloy __ __...__-

I Time Temp. %% 01% UTS Tet) (C) S TS. El. P.S T. El. (hr) (C)

2 343
Annealing ZREI 10-16 170-180 54 10 4 54 10 .4 ( 6 215

ZTI 16 315 41 131 13 54 15 7 " .

Precipitation ZSZ 10-16,* 170-180 71 1 10 9j 17 7

( 2 330RZS (a) jl0-16 170-180 6 1t 5 84 14 4
(b) 24 250

TZ6 2 330
110-16 170-180 7* 17 17 10 171 10

Solution AS 8 380-390116 410-420 5 10 4 4j 16 13 (a) 18 410
6 410 ++

(b)t 2 350
10O 410

Full, with j I | 410 ++
air cooling AZ 18 380-390 5 i J s 7(ST) 116 170

16 410-420 54 10 2 6 410
10 20D 71 154 2(FHT) 12 350

110 410

AZ92 (a) 40
116 170 ((14)) (24) ((22)) (40) - +t
6 405

(b)t:; 2 350
10 405
16 270

AZG I 12 385
AZ612 385 ((14)) (29) - ((19)) (40) - **(AZ63) 5 220

HK3116 2 06 44 9 5 6j 14 7

Z6Z J2 500
(ZK61) 148 130 ((22)) (38) - ((28)) (43) -

Full., with 4-8 520-530 01
liquid MSR Quench 64 111 74 12 161 s
quenching 8 -16 200

§ The 2-stage treatment is not recommended since heating at 3430C (650F) reduces creep resistance.t Tensile properties not enclosed in parentheses are expressed in tsi; these figures relate to Bntish D.T.D. test bars. ( ) denotes figures expressed

in kpsi: these results relate to ASTM bars. (( )) denotes 0-2 per cent PS values expressed in kpsi; these results relate to ASTM bars. Multi-stage
treatments are bracketed. alternative treatments are marked (a), (b) etc.

Casting to be loaded in furnace at operating temperature.
*= Optionally preceded by 2 hr at 330°C; this effects stress relief.
t+ U.S. practice is to load castings into furnace at about 250'C and raise furnace to operating temperature o.er about 2 hr.

ST - Solution heat treated. FHT - Fully heat treated.
I Few per cent SO, in furnace atmosphere necessary to minimize formation of RE and Zt hydrides with reduction in tensiles.
tz Alternative treatment designed to prevent grain growsth.

12
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explained above. Usual extrusion temperatures for magnesium lie

in the range 300-450*C
1 7 ,18

In what follows, three alloys are examined: EZ33, azirconium

grain-refined cast alloy containing zinc and rare earth; ZK60, a

high strength wrought alloy containing 5.5% zinc, also

grain-refined with zirconium, and a binary 5.3% zinc alloy, cast

at MIT. The processing steps named above are summarized in

Figure 3, the double extrusion procedure having been used on one

sample, of alloy ZK60.

17. E.F. Emley, Supra note 2, page 544.
18. "Extrusion," by K. Laue, H. Stenger; American Society for

Metals, 1981.
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Figure 3 - Processing Steps
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II. EXPERIMENTAL PROCEDURES

A. Alloying - Alloys EZ33 and ZK60 were both purchased as

such. Mg-Zn binary alloys were prepared at MIT, in a gas

* furnace, using a steel crucible and standard melting and alloying
6

procedures with Dow flux #3106. All castings were analyzed for

Zn by atomic absorption, and results are given in Table V.
Nominal compositions were selected to be close to those of the

commercial Zn-Zr containing wrought alloys ZK60 and ZK20, and

otherwise scan by increments of 2% the low Zn containing

compositions. Ingots cast were about 1.5 kg in mass. Initial

metals were 99.9% pure Mg and analytical Zn.

B. Melt-Spinning Procedures - Two melt-spinning apparati

were used. The first is described in the previous report, and

was used until a more performant apparatus was built within the

Solidification Processing Group at MIT. Alloy EZ33, and pure

magnesium were cast on this first melt-spinner.

The second wheel casting apparatus (Figures 4, 5, 6, and 7)

allows for single roll strip casting on the outside edge of a

rotating wheel; the entire melt spinner is housed inside a

vacuum-tight enclosed chamber. This permits strip casting

experiments to be conducted in vacuum or under controlled

atmospheres (He gas). The casting substrate is a wheel of 14 cm

diameter and 3.8 cm width made of OFHC copper. The wheel is

mounted on the shaft of a "Ferromatic" rotary vacuum feedthrough.

The wheel has been precisely balanced on the shaft to insure

smooth rotation at high speeds. The wheel is driven by a 1/7

H.P. variable speed, series wound motor capable of 10,000 rpm,

which gives a substrate speed of up to 73 m/sec. The shaft of

the motor is linked by a flexible coupling to the r'tary

feedthrough shaft. This minimizes the motor vibrations

transmitted to the wheel via the drive shafts.

15
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TABLE V

Binary Mg-Zn Alloys Cast at MIT.

Ingot #53 2.5Z Zn.
Ingot #62 4.3Z Zn.

Ingot 138 5.3Z Zn.
Ingot #41 5.3% Zn.
Ingot #61 6.4Z Zn.

16
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The charges are induction heated by a 10KHZ, 20KW inverter

power supply. The mild steel crucible is surrounded by an

alumina holder, onto which a brass cap is attached. The brass

cap allows a pressurized gas to be fed over the molten charge to

force it over the moving copper wheel.

The cap also has a feedthrough, allowing a thermocouple

covered by a mild steel sheath to measure the temperature of the

melt. Runs in this apparatus were conducted under a helium

atmosphere, thus suppressing any burning of the molten magnesium,

19and also minimizing boundary layer effects at the wheel

The alloys were cast at 700 0 C, and to minimize metal

evaporation, heat-up times were short, around 3 minutes. The gas

ejection pressure was 40 KPa, and substrate velocities around 35

m/sec. The ejection hole diameter was about 0.5 mm (drill #74).

The ribbons produced had a thickness that varied around 50 um

and a width of about 3 mm.

One considerable source of problems was the fact that zinc

containing alloys wet iron extremely well - which makes sense

when remembering that zinc wets iron so well that it is used in

plating. This fact caused the molten metal jet to be very

unstable, and to form large droplets that would stick to the

crucible's outer side, as depicted in Figure 8a. To solve this

problem, a coating of MgO mold wash was applied to the tip of the

crucible, and nice ribbons were obtained, Figure 8b.

Ribbon formation was always accompanied by some splatter,

that was reduced, but never suppressed. Two available set-ups

were used, one able to cast samples of about 4 grams, the other

casting about 20 grams at a time, thus reducing the number of

runs necessary for one extrusion from 5-10 to one or two.

19. H. Liebermann, "Rapidly Quenched Metals III," 1978, Ed.,
B.Cantor, The Metals Society.
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C. Densification - The apparatus was a small scale extrusion

set up, built and used at MIT under a 10 ton press at first, and

a 20 ton press when the need for higher loads became apparent.

A sketch describes the set up in Figure 10. All parts were

machined from stainless steel, except where otherwise indicated.

Dies are easily interchangeable, and two different geometries

were employed. One consists of a 1200 conical die (Figure 9A),

the other of a flat die with a rounded off edge (Figure 9b). The

former was used to minimize losses in the extrusion butt, the
18

second is the standard shape used in hot extruding magnesium

No substantial difference in the performance of the two

geometries was noticed, and they therefore were both used. The

graphite dummy block was included to avoid damaging the piston on

the die at the end of the extrusion runs, as well as to minimize

the risk of piston seizure in the container by back extruded

metal. A new dummy block was used for each run.

As described in the introduction, the densification of the

ribbons involved two steps:

1. A cold compaction in the extrusion set up, under a

pressure of 10,000 psi to 20,000 psi.

2. A hot extrusion of the compact, usually using the

maximum load of the press, to keep the temperature at a minimum.

No container was used at this stage of the project, at the risk

of some gas entrapment. It should be noted, however, that
14

successful hot extrusions were obtained by Busk and Leontis

without any such canning or evacuation.

The main problem to be overcome in densifying powders of

metals such as magnesium or aluminum, is the necessity to shear

off the oxide layer covering each particle. If this condition

has not been fulfilled, the extruded product will delaminate, and

produce fracture surfaces where each individual particle is quite

visible and separated from its neighbor. A simple test for an

22
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extruded bar consists therefore of breaking it by hand and

looking at the fracture surface. It was thus found that an

extrusion ratio of about 1/30 is sufficient to avoid delamination

of the densified melt-spun ribbons. Reduction in area ratios of

the order of 1/5 to 1/10 were on the other hand insufficient.

Again, the pressure was fixed by the capacity of the press,

so the temperature varied from sample to sample. The extrusion

speed was not controlled, but was low because the temperature was

kept at a minimum. The surface finish of the samples was smooth

and regular. As is standard practice for hot extruding
18magnesium, graphite was used for lubrication

The initial green compact was 1 inch in diameter, and the

final extruded R.S.P. alloy 3/16 of an inch in diameter, unless

otherwise noted. This corresponds to a reduction in area of
2(3/16) = 1/28.4. Extruded rod lengths varied between 15 and 40

centimeters.

D. Metallography - Standard techniques were used, involving

alumina powder polishing, and an optical microscope. A glycol

etch was used on all samples.

E. Tensile Property Evaluation

Tensile specimens were machined from the extruded rods

according to ASTM specifications. Gage lengths were four times

the gage diameter. The latter was 0.125 inches when allowed,

less when necessary. Given the small grain size of the

extrusions, this is an amply sufficient diameter. The gage

length was polished smooth with a 0.3 um AI203 powder suspension.

The specimens were gripped in an Instron testing machine, and

tested at cross head speeds of 0.02 inches/min.

24
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III. RESULTS - DISCUSSION

A. Pure Magnesium - One sample of compacted and extruded

melt-spun ribbons of pure magnesium was produced to obtain a

reference point against which the reinforcing action of alloying

elements can be compared, at an equal level of oxide inclusion.

Oxide inclusions are of importance in that they can modify the

mechanical properties of the consolidated product, as can be seen

in Table I. A similar effect is obtained on S.A.P. aluminum

parts. Properties obtained are given in Table VI, together with

extrusion conditions. As can be seen, by comparing with data in

Table I, the reinforcing effect of the oxide is slight with these

relatively coarse ribbons.

B. EZ33 - Alloy EZ33 was hot extruded and tested. The

extrusion temperature was high: 470 0 C. The microstructure of

the ribbons was similar to those given in the previous report

White "Featureless" zones are apparent. Hardness properties were

promising, which conditioned the choice of this alloy as a first

test. The microstructure of the extruded sample is given in

Figure 11. As can be seen, thanks to the slightly shifting focus

range, the grain size is small, and many small precipitates are

present and evenly distributed. The fracture surface, given in

Figure 12, is typically ductile, and no trace of delamination is

present. Thus, the extrusion ratio of 1/28.4 is clearly adequate

for densification.

C. Magnesium-Zinc Alloys - Samples were cast from #41 (see

Table V), and thus have a zinc content close to that of AK60. In

this way, the effect of zirconium additions can be judged, as

will be done in the next section.

Microstructures can be seen in Figure 13. Ribbons were thin,

and abundantly display the "Featureless" zone mentioned in the

previous report.

25
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TABLE VI

Pure Magnesim Extrusion

Extrusion Ratio 1/28.4

Extrusion Pressure 20 ksl

Extrusion Temperature 45*C 10%

Yield Strength 22.8 ksi

U.T.S. 32.9 ksi

Elongation 11.7%

TABLE VII

EZ33 Extrusion

Nominal

(as cast)

Extrusion Ratio 1/28.4

Extrusion Pressure 20 ksi

Extrusion Temperature 470*C 200C

Yield Strength 32.9 ksi 16 ksi

U.T.S. 41.3 ksi 23 ksi

*Elongation 141 3Z

26
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Figure 13. Mg 5.3% Zn Melt-Spun Ribbon
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Two extrusions were obtained and mechanically tested.

Results are given in Table VIII. A reduction of the extrusion -

temperature from 450 to 3100C was obtained by using a more 1
powerful press on the same die. The microstructure of the first

extrusion, given Figure 15, displays a fine second phase

distribution, but also the presence of intensive grain growth

after recrystallization. Mechanical properties are therefore

poor (Table VIII).

The second sample's microstructure, given in Figure 16, shows

that the temperature was low enough to avoid grain growth, but

not for recrystallization not to take place. A fine equiaxed

grain structure is visible in both transverse and longitudinal

directions. A comparison of mechanical properties given in Table

VIII with those of rolled binary run R.S.P. samples given in

Figure 14 show no marked improvement in the R.S.P. sample. 310*C

is therefore still too high an extrusion temperature.

D. ZK60
This alloy is a standard commercial grain refined wrought

alloy. It is also one that has been investigated before, using

R.S.P. techniques and extrusion procedures.

Microstructures of the melt-spun ribbons are given in Figure

17. As can be seen, no grain refinement is visible close to the

chill, and throughout most of the 50 um ribbon thickness.

Comparison with a piece of splatter (a 1-2 mm droplet) from the

crucible during one of the melt-spinning runs, Figure 18, shows,

however, that the grain refining action of the Zr addition had

not disappeared during meltdown. Also, a thicker ribbon does

display such a microstructure far from the chill, Figure 19.

There is, therefore, a critical cooling rate, over which

zirconium isn't active as a grain refiner in magnesium, and must,

therefore, be either in solid solution, or in a very finely

distributed precipitate.

29
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TABLE VIII

N
Magnesium-Zinc Extrusion

Extrusion Ratio 1/28.4 1/28.4

Extrusion Pressure 22 ksi 50 ksi

Extrusion Temperature 450"C 20C 310C 10C

Yield Strength 27.3 ksi 35.2 ksi

U.T.S. 40 ksi 46 ksi

Elongation 11Z 25.4%
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Two extrusions were obtained from these ribbons. One was

Ii extruded using the 10 ton press, and a 3/16 inch die. Properties

are given in Table IX, and microstructures in Figure 20. The

grain size is small, and although recrystallization has

apparently taken place, grain growth was inhibited by the
20zirconium addition, as is usually the case The second phase

distribution is not uniform, and on the same scale as the ribbon

thickness, probably due to the lack of uniformity within the

ribbons themselves.

Mechanical properties were slightly, but not very much,

better than those of the commercial as received alloy, given in

Table IX. Therefore, the extrusion temperature was substantially

lowered, by means of a double extrusion procedure in the second

sample.

A die, 0.41 inches in diameter was machined, and the green

compact extruded once under the 20 ton press. The temperature

was 210°C. The extruded sample was then cut, inserted into a

pure magnesium sleeve, and the resulting composite was

re-extruded at a similar temperature, using the same die. The

total reduction in area ratio was therefore 1/35.4. The

procedure is described in Figure 3. The resulting sample was

machined down to a tensile specimen 0.100 inches in diameter, and

was thus free of the surrounding Mg sheath over the gage length.

0

Mechanical properties are given in Table IX. The sample

displayed a nearly perfect textbook elastic-plastic curve and

properties compare well with those obtained by Isserow and
13

Rizzitano

Microstructures are given in Figure 21 and 22. After the

first extrusion, Figure 21, a banded structure can be discerned,

20. E.F. Emley, Supra note 2, page 506.



TABLE IX

ZK60 Extrusions

ZK60A-T5 Extruded First Second

Rods (Metals Extrusion Extrusion

Handbook)

Extrusion Ratio 1/27.4 1/6 1/6

Extrusion Pressure 22 ksi 50 ksi 25 ksi

Extrusion Temperature 470°C 200C 2100C 150C 210°C 20'

Yield Strength 41 ksi 32.6 ksi 53.0 ksi

U.T.S. 51 ksi 47.3 ksi 56.3 ksi

Elongation 11% 21.1% 19.6%
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on the scale of the extruded ribbons. The white grains,

therefore probably correspond to the white "Featureless" zones

displayed by the ribbons. Oxide films are clearly visible, and

this sample displayed some delamination at the tip when

re-extruded. The reduction in area ratio of 1/6 was not

sufficient for full densification.

The re-extruded microstructure, Figure 22, is finer still,

and the white bands less easily discernable, but still present.

Throughout both extrusions, rc noticeable amounts of

recrystallization are apparent.

The fracture surfaces are given in Figure 23. A very slight

delamination is still discernable to a critical eye, but the

fracture surface is ductile, and is completely different from
13

that observed by Isserow and Rizzitano 1
. It is therefore

believed that this product would have superior transverse

properties.

IV. CONCLUSIONS

1. A melt spinning apparatus was constructed at MIT, with a

relatively large crucible to allow for rapid obtention of ribbons

for consolidation purposes.

2. Casting under a controlled atmosphere is advantageous in

avoiding the risk of burning inherent to molten and finely

divided magnesium.

3. Zinc containing magnesium alloys wet iron very well.

This may lead to instabilities in the metal stream if no

precautions are taken.

4. The existence of a "featureless" zone in the ribbons is

39
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proved. It is located along the chill face, and its fraction

increases as the ribbon thickness decreases. In particular, the

grain refining action of zirconium is suppressed in that zone.

5. Hot extrusion conditions have been studied in a

laboratory bench scale for these R.S.P. magnesium alloys.

6. Full, delamination free, densification is obtained with

a reduction in area ratio of about 1/30.

7. The extrusion temperature is of paramount importance in

obtaining the remarkable properties of rapidly solidification

materials for magnesium alloys. Samples of Mg-5.3%Zn, EZ33, ZK60

extruded above 300*C gave non-exceptional properties. The metal

recrystallizes, and in non-zirconium containing alloys, grain

growth occurs at higher temperatures. Also, the second phase can

precipitate out, as occurred in EZ33.

8. To produce interesting properties in the extruded R.S.P.

sample, temperatures lower than about 250'C are necessary. This

correlates well with previous data, as exposed in the

introduction.

9. A double extrusion procedure was designed to extrude

ZK60 at these temperatures.

10. Using these apparati, techniques, and conditions, the

following properties were obtained in ZK60: Y.S. 53.0 ksi

U.T.S. 56.3 ksi

Elongation: 19.6%

Y.S. 41 ksi

U.T.S. 51 ksi

Elongation: 11%

for conventionally extruded ZK60. The fracture surface proved

that a fully dense, delamination free sample was obtained.

42
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It is thus proved that Rapid Solidification can yield

remarkable materials when applied to magnesium alloys. This

sample was not heat treated, was not canned, and the whole

process has, still, margin for improvement. The alloy

compositions can be varied, and the materials further

characterized. This should give an idea of the potential lying

in this barely explored field, the Rapid Solidification

Processing of magnesium alloys.
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